Characteristics of wind fields derived from multiple-Doppler synthesis and continuity adjustment technique (MUSCAT) and MUSCAT substituting mass flux conservation for the continuity equation are investigated mainly on the basis of the numerically simulated Doppler velocity data, assuming a ground-based dual-Doppler synthesis over a flat plane. The gain factor and the accuracy of the wind components are discussed for MUSCAT and the conventional synthesis. A modified formulation of data fit is tested, and found to be useful. The results of numerical experiments employing height-independent two-dimensional pure divergent wind fields show that the wind components around the surface exhibit similar accuracy, regardless of whether MUSCAT is used with the continuity equation or mass flux conservation. In both cases, the results are more accurate than those obtained from the conventional synthesis as far as the gain factors are close to unity. In a three-dimensional volume, in which the height-dependent two-dimensional wind fields are defined by their horizontal and vertical components, MUSCAT provides more accurate determination of wind components than the conventional method.
Introduction
Multiple-Doppler wind synthesis has been a valuable tool in the determination of threedimensional wind fields at spatially and temporally high resolutions. Indeed, such synthesis has improved our understanding in many fields, including mesoscale convective systems (Roux et al. 1984; Kessinger et al. 1987; Ishihara et al. 1988; Lemaître et al. 1989) , severe and tornadic storms (Brandes 1981; Klemp et al. 1981; Ziegler et al. 1983; Dowell and Bluestein 1997; Tessendorf et al. 2005; Beck et al. 2006; Wurman et al. 2007) , snow clouds over the Sea of Japan (Yoshimoto et al. 2000; Kawashima and Fujiyoshi 2005; Yamada 2010 ), lake-effect snow storms (Kristovich 1993) , cumulus convection (Grinnell et al. 1996) , and the planetary boundary layer (Gal-Chen and Kropfli 1984; Eymard and Weil 1988; Markowski and Hannon 2006) .
Conventional methods for recovering threedimensional wind fields from dual-Doppler radars were proposed by Lhermite (1970) for the coplane mode and by Ray et al. (1980) for Cartesian space. These methods employ an iterative process in the determination of the vertical component in a plane being considered by employing a combination of the geometric relationships between measured Doppler velocities and particle motion, a reflectivity-terminal velocity formula, and the anelastic mass continuity equation. The most natural way of determining the vertical wind field over a flat surface is to integrate the continuity equation upward, either in the direction perpendicular to the so-called α-plane for the coplane mode or vertically upward for Cartesian space, assuming that the vertical winds vanish at the surface. The vertical wind fields derived from these conventional methods are often severely contaminated by the accumulated error, particularly at upper heights, because of biased horizontal divergence estimates and the amplification of error owing to the atmospheric stratification. To mitigate such drawbacks, variational methods have been developed for the adjustment of the vertical wind field (Ray et al. 1980; Chong and Testud 1983) .
To avoid the iterative procedure and its associated disadvantages, most recent formulations of multipleDoppler wind analysis have been based on variational principles (Gao et al. 1999; Shapiro and Mewes 1999; Liou and Chang 2009; Shapiro et al. 2009; Liou et al. 2012) . These methods determine the wind components in a volume, and include the anelastic mass continuity equation as a constraint. Variational formulation of wind recovery has also been developed in the fields of airborne (e.g., Chong and Campos 1996) and bistatic (e.g., Protat and Zawadzki 1999) radar data analysis.
The multiple-Doppler synthesis and continuity adjustment technique (MUSCAT) is also based on variational principles, and was originally developed for the analysis of airborne Doppler radar data from the fore-aft scanning adopted for data collection in pseudo coplane mode (Bousquet and Chong 1998, hereafter BC98) . In particular, MUSCAT was designed to satisfactorily retrieve wind fields even below and above the airplane and around flight paths; it was intended to address the drawbacks of extended overdetermined dual-Doppler (EODD) formalism (Chong and Campos 1996) . The uniqueness of MUSCAT lies in the simultaneous determination of the three wind components in a plane using a variational approach, rather than the iterative process employed in EODD. Most prominently, MUSCAT offers a substantial improvement in the accuracy of wind components over EODD.
Since the advent of MUSCAT, its fields of application have expanded. MUSCAT with substitution of the continuity equation by mass flux conservation (Chong and Cosma 2001) has been applied to the determination of wind fields over complex terrain using ground-based dual-Doppler radar wind synthesis; this technique was employed for real-time monitoring of three-dimensional wind fields during the Mesoscale Alpine Programme (MAP) (Chong et al. 2000) . Moreover, when the technique was applied in ground-based dual-Doppler wind retrieval over a flat plane, the wind components in the illconditioned region (i.e., the region near and along the baseline) were also very well determined (Chong and Bousquet 2000) . MUSCAT is now employed in wind recovery from operational Doppler radar data in France (Bousquet et al. 2008 ) and has also been used to determine wind fields from dual-Doppler lidar measurements (Drechsel et al. 2009 ).
It appears that the MUSCAT formulation surpasses other variational-based formulations in several aspects: it can determine the wind field in ill-conditioned regions; it includes few weighting factors to be appropriately adjusted unlike other formulations such as those by Gao et al. (1999) and Liou and Chang (2009) ; and it does not require supplementary wind information (i.e., other than Doppler velocity data), even for wind recovery over complex terrain. Because MUSCAT exhibits high performance in the accurate determination of wind components and multipleDoppler radar wind synthesis remains an indispensable tool for studied involving wind field analyses, MUSCAT is highly advantageous as a method of wind retrieval in Japan. The versions of MUSCAT employing the adjustment of continuity equation and mass flux conservation are hereafter referred to as MUSCAT-C and MUSCAT-F, respectively. In addition, the term MUSCAT is used as a general name to include both MUSCAT-C and MUSCAT-F.
Although MUSCAT is a highly powerful tool for wind recovery, the characteristics of wind fields derived from MUSCAT have not yet been sufficiently clarified. In particular, the accuracies of wind components derived from MUSCAT remain unclear relative to the results from a conventional method of Ray et al. (1980) . This conventional approach (hereafter CM) also uses an iterative process in wind recovery and has been employed in Japan (e.g., Yamada et al. 1994; Yamada et al. 1996; Yamada et al. 2010) . Furthermore, no comparison of the accuracy of wind fields derived from MUSCAT-C and MUSCAT-F has yet been made, although Chong and Cosma (2001) stated that MUSCAT-F should provide wind components with accuracy similar to those derived from MUSCAT-C. Such an intercomparison would provide information useful for selecting the most appropriate method for wind recovery. These basic information relating to MUSCAT-derived wind fields is indispensable and helpful to those who wish to use the MUSCAT formalism.
The present study primarily aims to investigate the characteristics of wind fields derived from MUSCAT, Vol. 91, No. 5 Jounal of the Meteorological Society of Japanmainly on the basis of simulated Doppler velocity data, assuming a ground-based dual-Doppler synthesis over a flat plane. In addition, an example of the application of MUSCAT to the observed data is presented for a case of a shallow convective snow band over the Sea of Japan; this provides information that will be useful in improving the wind recovery.
Section 2 briefly introduces the basic principles of MUSCAT, and Section 3 describes a modified formulation of data fit. The outline of the numerical experiments is described in Section 4, and the results are presented in Sections 5 and 6. The application of MUSCAT to the observed data is described in Section 7. Discussion will take place in Section 8, and the conclusions are given in Section 9.
The basis of MUSCAT
This section briefly explains the basic principles of MUSCAT; further details can be found in Bousquet and Chong (1998) , Chong and Cosma (2001) , Chong and Bousquet (2001) , Bousquet et al. (2008) . MUS-CAT simultaneously determines three wind components (u and v are the horizontal wind components and w is the vertical component) in the considered plane by minimizing the following functional F (u, v, w) as: [A(u, v, w) + B(u, v, w) + C (u, v, w) ]dxdy.
(1)
In Eq.
(1), the term A (u, v, w) represents the data fit including the interpolation onto common Cartesian coordinates. MUSCAT adopts a beam-by-beam separate interpolation, which helps to increase the accuracy of the recovered wind components near the radars by avoiding the so-called sampling problem. The term B(u, v, w) represents the mass continuity adjustment using the continuity equation (MUSCAT-C) or the mass flux conservation (MUSCAT-F). The differentiation scheme for this term includes the boundary condition at the surface (when the wind synthesis starts from the lowest level for upward integration), or at the top of the domain of interest (for downward processing). The term C (u, v, w) stands for a filter term consisting of spatial derivatives of the wind components up to third-order (MUSCAT-C) or secondorder (MUSCAT-F), to which a weighting factor (μ2) is applied to control the filter characteristics. This factor is related to a prescribed 3-dB cutoff wavelength (λc) as follows:
BC98 uses a value of λc, which is equal to four times the horizontal grid spacing (Δx) of common grids. This filter term is intended to eliminate smaller scale perturbations of the wind components and regulate the wind fields in the ill-conditioned region by extrapolating from information in the properly defined region (i.e., the region in which the wind determination is possible without geometrical limitations). The wind components in the considered plane are given by the following solutions:
Furthermore, as explained by Bousquet et al. (2008) , the vertical wind components are subject to recalculation by the integration of mass continuity using the recovered horizontal wind components determined from Eq. (3).
Modified formulation of data fit
Because the locations of data from radars involved in the wind synthesis are usually non-collocated, MUSCAT also includes the interpolation of data onto the so-called common grids in the data fit. The data fit of BC98 at a grid point in a horizontal plane is formulated, following the notation in BC98, as follows:
A'ij (u, v, w) 
where A'ij (u, v, w) is the data fit at a grid point (i, j); i and j are the horizontal indices of the common grid points in the x-and y-directions, respectively. The horizontal wind components (u and v) and the vertical component (w) are located at point (i, j), VT is the terminal fall velocity, Vq stands for the Doppler velocity datum of the q-th beam of the p-th radar, and ωq is the weight of the Cressman weighting function (Cressman 1959) for the q-th observation by the p-th radar according to the distance of the range bin containing Vq from the center of the influence volume located at (i, j). αq, βq, and γq are the direction cosines of the q-th beam; nq is the total number of velocity data observed by the q-th radar falling inside the influence volume; np (≥ 2) indicates the number of radars involved in the wind synthesis; and N is the total number of data falling inside the influence volume.
This formulation is mathematically correct; however, it may not always render an appropriate mean value because division by the total number of data N would induce a change in the relative weight of each datum in the influence volume. Hereafter, the data fit represented by Eq. (4) is referred to as "the original data fit". A modified formulation of data fit (hereafter "the modified data fit") is then proposed and tested in the present study. It provides a data fit of A"ij (u, v, w) at a grid point (i, j), using the same notation as Eq. (4), as follows:
A"ij (u, v, w 
In this expression, the interpolation at each grid point is first processed for the individual radars using a distance-weighted spatial averaging. The essence of Eq. (5) is the division by the cumulative weights for individual radars. The term A"ij is finally obtained as an arithmetic mean of all interpolated data available from the respective radars. The performance of this data fit will be demonstrated in Sections 5 and 6.
Numerical tests
The characteristics of wind fields derived from MUSCAT were investigated through two numerical experiments, referred to as Experiments A and B. In both experiments, the accuracies of the wind components were measured in a statistical manner using root mean squared errors (RMSEs) and mean errors (MEs). For MUSCAT, RMSEs and MEs were calculated using recovered wind components including those in the ill-conditioned regions. Hereafter, u, v, and w refer to the cross-baseline, along-baseline, and vertical wind components, respectively.
a. Experimental design
Much of the experimental design was common to both experiments. Wind recovery was based on numerically simulated volume scans consisting of conical scans at different elevation angles. Assuming a true wind field, volume scans were simulated by projecting the true wind components in the radial direction. A random number (whose mean and standard deviation were 0 m s −1 and 1 m s −1 , respectively) was added to each velocity datum in order to simulate radar random error. It was assumed that the true wind field did not vary with time and was at rest relative to the ground. The instantaneous radar sampling was assumed to be regular in space at the resolutions of 0.15 km and 0.7°in the radial and azimuthal directions, respectively. Each Plan Position Indicator (PPI) scan consisted of 800 gates and 512 beams. The maximum detection range was set to 128 km for each radar. The terminal fall velocities of precipitation particles were not considered. The size of the experimental domain was 120 × 80 km as shown in Fig. 1 .
The interpolation involved in the data fit onto common grids with horizontal grid spacing of 1 km was processed using a constant spheroidal influence volume with the aid of a Cressman weighting function. The lengths of the horizontal and vertical semi-axes of the spheroid were, respectively, 1 km and 0.75 km, irrespective of the wind recovery methods considered in Experiments A and B. Wind recovery was made by employing MUSCAT and CM from the same volume scans. In CM, the wind components were computed at grid points, at which the relation cos β < cos β0 was satisfied, where β is the viewing angle between the two beams and β0 = 25°.
The weighting factor μ2 was determined by setting λc equal to 4Δx as in BC98. This cutoff wavelength can be, however, set to as little as twice the horizontal length of the semi-axis of a spheroid (or the radius of a sphere) used as the influence volume. Thus, wind recovery was also conducted for respective λc values of 2Δx, 3Δx, and 4Δx in Experiments A and B in order to Vol. 91, No. 5 Jounal of the Meteorological Society of Japan 562 investigate how λc affects the gain factors and accuracy of the recovered wind components.
b. Outline of experiment A
In this experiment, a height-independent hypothetical wind field was employed to help understand the filter characteristics in terms of the gain factors and the accuracy of the horizontal wind components around the surface as a function of the horizontal wavelength (λH). The gain factors were defined as the ratios of the domain-averaged amplitudes of the recovered wind fields (determined in a least-squares sense) to the true amplitude of the wind fields, as in Testud and Chong (1983) . The λH-dependencies of the gain factors provide a measure of the recoverable minimum horizontal scale of the wind fields. The performance of the modified data fit expressed by Eq. (5) relative to the original data fit was also examined.
The true wind field was assumed to have the following form :
where At is the amplitude (10 m s
), ξ is a horizontal unit vector, κ is the horizontal wave vector whose magnitude is equal to 2π/λH, r is the horizontal position vector, and φt is the phase. When ξ is parallel (perpendicular) to κ, a pure divergent (rotational) field will be produced. However, only pure divergent fields were considered in the present study and φt was set to zero. The true horizontal wind components had nonzero values only in the x-direction, while all those in the y-direction and vertical direction were null. Various true wind fields were created by varying λH between 1 km and 50 km, at 1-km intervals up to 25 km and at 10-km intervals from 30 km onward. Volume scans were then prepared, which consisted of 15 PPIs at different elevation angles of 0.3°, 0.8°, 1.4°, 2.1°, 2.9°, 3.8°, 4.8°, 6.0°, 7.5°, 9.5°, 11.9°, 14.9°, 18.7°, 23.6°, and 30.0°. Then, the wind fields were recovered at a height of 0.5 km above the surface using the simulated volume scans. The phase shifts of the retrieved wind fields were also computed.
c. Outline of experiment B
Experiment B consisted of two separate Experiments B1 and B2, and was intended to investigate the accuracy of the wind components in a threedimensional volume and the MUSCAT-derived wind components with respect to CM. B1 and B2 treated deep and shallow cases, respectively. Both experiments used two-dimensional wind fields defined in the xz-plane, and included two tests: the application of MUSCAT with λc = 4Δx to the interpolated data based on the modified and original data fits, and wind recovery from MUSCAT for three values of λc(2Δx, 3Δx, and 4Δx) applied to the interpolated data using the modified data fit. No adjustment of vertical winds (e.g., Ray et al. 1980; Chong and Testud 1983 ) was made in either experiment.
In B1, a true two-dimensional field was defined by the u-and w-components; the v-component was null. This wind field exhibited a similar form to that of BC98. The vertical wind component was expressed as follows:
where At stands for the amplitude and was set equal to 10 m s
; kx and kz are the wave numbers in the x-and zdirections, respectively; rH is the horizontal position; and a and b are constants whose values were set to −0.7 km −1 and 17 km, respectively. The horizontal and vertical wavelengths were equal to 40 km and 20 km, respectively. This horizontal wavelength was sufficiently long enough so that the gain factors were very close to unity for both MUSCAT and CM (see Section 5). At such wavelengths, the accuracy of the wind components was considered to mainly result from the performance of the wind recovery methods because less distorted wind components were recovered. The w-components represented by Eq. (7) vanished at the surface and at z = 10 km. The ucomponent can then be described as follows, considering the anelastic mass continuity equation:
Here κ = − ∂ρ/∂z, and ρ is the air density. Volume scans were numerically simulated using the true wind described above. Each volume scan consisted of 20 PPIs at different elevation angles: 0.3°, 0.7°, 1.1°, 1.5°, 2.1°, 2.8°, 3.6°, 4.7°, 5.8°, 7.0°, 8.3°, 9.7°, 11.3°, 13.1°, 15.5°, 18.5°, 21.7°, 25.4°, 29.3°, and 34.0°. These elevation angles were used throughout Experiment B. In the horizontal domain (Fig. 1) , wind retrieval was performed at 0.5-km intervals to a height of 10 km (5 km) for the deep (shallow) case, starting from the lowest height of 0.5 km above the surface. During recalculation of the vertical wind components using u and v from Eq. (3), a fine scheme for evaluation of horizontal divergence was adopted in order to retrieve the most accurate vertical wind components (see Appendix).
For B2, the same true wind field described for B1 was used; however, At was equal to 5 m s −1
; a was equal to −0.35 km
; and the wavelengths in the xand z-directions were 30 km and 10 km, respectively. The error characteristics of the wind components from MUSCAT and CM were also studied in B2. The vertical components of the true wind fields were 0 m s −1 at the surface and at the 5-km height, and the accuracy of the wind components was considered to mainly depend on the wind recovery methods employed as described for B1. Figure 2 shows the gain factors as a function of λH for two separate intervals, clearly illustrating the differences between the five curves derived using MUSCAT and CM. MUSCAT did not retrieve systematic wind fields at λH < 2 km; therefore, the gain factors at λH ≥ 2 km are shown instead. This figure demonstrates that the MUSCAT-related gain factors depend both on data fit formulation and the type of mass continuity adjustments. The modified data fit resulted in larger gain factors than the original fit for both MUSCAT-C and MUSCAT-F at all wavelengths considered. The differences in gain factors were larger at shorter wavelengths for all mass continuity adjustments, but became very small with increasing λH. Furthermore, the type of mass continuity adjustments did not significantly affect the gain factors at longer wavelengths for either type of data fit. In fact, no appreciable differences were observed for λH > 15 km (λH > 20 km) for the modified (original) data fit.
Results of experiment A a. Gain factors, RMSEs, and MEs
Figure 2 also shows that the 3-dB cutoff wavelength, at which the gain factor was equal to 0.5, was smaller for MUSCAT-F than for MUSCAT-C for each data fit. Hereafter, this wavelength is denoted as λ3dB and is expected to be close to λc. The modified data fit resulted in values of λ3dB smaller than the original fit for both MUSCAT-C and MUSCAT-F: λ3dB for MUSCAT-C was about 6.6 km (7.4 km) for the modified (original) data fit. On the other hand, the modified (original) data fit provided a value of about 5.2 km (6.1 km) for MUSCAT-F. These values were slightly larger than the prescribed λc.
CM produced higher gain factors than MUSCAT at all wavelengths considered. However, the differences between gain factors obtained using CM and MUSCAT with the modified data fit became negligible at λH ≥~30 km, where relatively large differences were found between the gain factors obtained using MUSCAT with the original fit and those obtained using CM. Special attention should be paid when comparing the CM-and MUSCAT-derived gain factors, because λ3dB of CM is shorter than 2 km. A fair comparison of the λH-dependencies of the gain factors can be made by setting λ3dB of CM equal to that of MUSCAT, as in Testud and Chong (1983) .
Vol. 91, No. 5 Jounal of the Meteorological Society of Japan 564 Fig. 2 . Gain factors as a function of the horizontal wavelength (λH) for two intervals. Solid, dashed, and dotted lines represent MUSCAT-C, MUSCAT-F, and CM, respectively. The bold and thin lines indicate the results corresponding to MUSCAT based on the modified and original data fits, respectively. For this case, λc was set equal to 4Δx. Hereafter, "C" and "F" represent MUSCAT-C and MUSCAT-F, respectively.
However, for this purpose, the length of the horizontal semi-axis of the influence volume for CM must be about 4Δx, which would be too large to be employed practically in analyzing the observed data for a grid spacing of~1 km. Therefore, the gain curve of CM exhibited a sharper increase at shorter λH than that of MUSCAT. Owing to this gain curve character associated with CM, RMSEs and MEs of the horizontal wind components derived from CM were smaller than those from MUSCAT at shorter λH as described below. The differences in phase shift between the recovered and true wind fields were less than 1°at all wavelengths for all the wind recovery schemes employed in this study.
The RMSEs of the u-component are shown in Fig. 3 as a function of λH. The values labeled "Noise Only" (hereafter "NO" ) were included in the experiments, where the simulated Doppler velocities consisted of random noise only, as in Testud and Chong (1983) . A monotonic decrease in RMSEs with increasing wavelength was found for all MUSCAT-derived RMSEs; the RMSEs also depended on the data fit formulation and mass continuity adjustments, similar to the gain factor. RMSEs were smaller for the modified data fit than for original fit for both MUSCAT-C and MUSCAT-F at all wavelengths, except at NO, where their values were larger by as little as 0.02 m s −1
. As λH increased, the type of mass continuity adjustments became insignificant for both data fit formulations, because the RMSEs from MUSCAT-C and MUSCAT-F almost coincided at λH > 20 km and 25 km, respectively, where the gain factors exceeded 0.95. The RMSEs of MUSCAT with the modified data fit were very close to those from the NO case at λH ≥ 40 km, whereas those based on the original data fit approached that of NO asymptotically. This implied that the modified data fit offers an advantage in that it allows wind recovery without distortion, even at relatively short wavelengths. The RMSEs of CM were larger than those of MUSCAT-F and MUSCAT-C at λH > 23 and 34 km, respectively. At λH = 40 km, the RMSEs from MUSCAT employing the modified data fit was about one-third of that from CM, indicating that MUSCAT recovered the wind component more accurately than CM at such long wavelengths.
The magnitudes of MUSCAT-related MEs of the ucomponent (Fig. 4) were small, typically less than about 0.5 m s , and were less than 0.1 m s −1 at λH > 20 km, where the gain factors exceeded 0.95. At such wavelengths, the MEs depended little on the mass continuity adjustments for each of the data fit formulation, and gradually approached their respective values for NO. The magnitudes of MEs from MUSCAT-C and MUSCAT-F with the modified data fit were smaller than those for the original data fit at around λH ≥ 10 km, except for NO, where the MEs of five methods were almost equal to 0 m s −1 . Conversely, the magnitudes of the MEs of CM were very small, typically less than 0.05 m s −1 at all wavelengths considered; that is, they were smaller than those of MUSCAT, except for NO.
October 2013 Y. YAMADA 565 It is considered worthwhile to examine the accuracy of the recovered wind component in the y-direction because the existence of the undesirable wind component is thought to degrade the recovered wind fields. Figure 5 illustrates the RMSEs of this component as a function of λH. The MUSCAT-related RMSEs were dependent on λH, the data fit formulation, and the type of mass continuity adjustment, as those of the u-component. The modified data fit resulted in smaller RMSEs than the original data fit for both MUSCAT-C and MUSCAT-F in a bandpass of 5̶43 km and 5̶38 km, respectively. However, beyond each of these upper limits and in NO, the original data fit resulted in slightly smaller RMSEs (by about 0.02 m s −1 at most). The RMSEs corresponding to the modified data fit at about λH ≥ 15 km were almost constant to be close to those in NO. In contrast, those associated with the original data fit decreased gradually with increasing λH, approaching the NO value asymptotically. Thus, the modified data fit recovered the component without distortion for a wider bandpass. The mass continuity adjustments adopted became insignificant for MUSCAT-C and MUSCAT-F at λH >~20 km. The RMSE values at Vol. 91, No. 5 Jounal of the Meteorological Society of Japan 566 Fig. 4 . As in Fig. 2 , but for MEs of the horizontal wind component in the x-direction. such long λH were about one-third or one-fourth of those of CM. The reduction in RMSEs at λH shorter (longer) than 5̶7 km for MUSCAT appeared to correspond well to the decrease in the retrieved domain-averaged magnitudes of this wind component with decreasing (increasing) λH. A very sharp decrease in CM-related RMSEs was found with increasing λH around 2̶6 km; this was followed by an almost constant value of about 0.35 m s The results presented in Figs. 2̶5 indicate that the modified data fit exhibited better overall higher performance than the original data fit, in terms of the gain factors and the accuracy of the wind components. As the gain factors were sufficiently high (i.e., approaching unity), the RMSEs from MUSCAT-C and MUSCAT-F were comparable for the same data fit formulation, and were smaller than those from CM, regardless of the selected data fit formulation and mass continuity adjustment. For such gain factors, MUSCAT-related MEs were very small in magnitude. The results of Experiment A suggest that the equivalence of the transfer functions of MUSCAT-C and MUSCAT-F can be assured only at longer wavelengths, at which the distortion of the recovered wind fields is considered to be very small.
b. Dependencies of gain factors and RMSEs on λc
Because the weighting factor μ2 applied to the filter term controls the filter characteristics, the gain factors and RMSEs of the horizontal wind component may depend on μ2 or on the 3-dB cutoff wavelength (λc). These dependencies were examined by varying λc. The modified data fit of Eq. (5) was employed owing to its better performance, which was demonstrated in the previous subsection. Only the essence of the results is summarized here, with figures omitted, because the results associated with smaller values of λc were similar to those obtained using the modified data fit with λc = 4Δx; this has already been described in the previous subsection and shown in Figs. 2-5. It was found that MUSCAT determined the wind fields more accurately than CM, even for smaller λc, as described below.
For MUSCAT, the gain factors depended on both λc and λH, and were found to increase with increasing horizontal wavelengths for all cases considered, approaching unity at sufficiently long wavelengths (Fig. 2) . In fact, they were higher than 0.95 at λH ≥~20 km, irrespective of the mass continuity adjustments. For both MUSCAT-C and MUSCAT-F, as λc decreased, the increase in the gain factor with λH became more pronounced at shorter λH because of the shorter λ3dB. For MUSCAT-C, λ3dB was 6.5, 5.2, and 4.0 km for λc values of 4Δx, 3Δx, and 2Δx, respectively. Conversely, for MUSCAT-F, λ3dB was 5.2, 4.1, and 3.0 km for λc values of 4Δx, 3Δx, and 2Δx, respectively. Moreover, the gain factors for MUSCAT-F were higher than those for MUSCAT-C at all wavelengths for each value of λc. However, this difference decreased as the wavelength increased to λH ≥~15 km, finally becoming negligible for sufficiently long λH.
All MUSCAT-related RMSEs of the u-component decreased sharply as λH increased up to about 10̶15 km; subsequently, they gradually approached their respective asymptotic value of NO, as shown in Fig. 3 . Most of these curves flattened at approximately λH > 20̶30 km. The use of smaller values of λc induced smaller RMSEs at shorter λH, but it resulted in larger RMSEs at longer λH. At λH >~20 km, RMSEs from MUSCAT-C and MUSCAT-F were almost identical for each λc; the differences were negligible, reaching 0.02 m s −1 at most. At such values of λH, the RMSEs of MUSCAT employing λc = 2Δx, 3Δx, and 4Δx were about 50%, 35%, 30% of the CM-derived RMSEs, respectively. The MUSCAT-related MEs of this component were insensitive to differences in mass continuity adjustments (Fig. 4) , and their magnitudes were very small (less than 0.05 m s −1 ), regardless of the value of λc at λH ≥ 25 km. The RMSEs of the vcomponent were almost constant (Fig. 5) and close to the corresponding value of NO, at λH >~12 km for λc = 3Δx, and λH >~7 km for λc = 2Δx. At approximately λc > 7~14 km, the difference between the RMSEs from MUSCAT-C and MUSCAT-F was negligible (typically less than 0.03 m s ) for all values of λC. Furthermore, small values of λc resulted in larger RMSEs at such long λH. In fact, the RMSEs of MUSCAT employing λc = 4Δx, 3Δx, and 2Δx were approximately 30%, 40%, and 55% of those of CM, respectively, at λH >~20 km. The MEs of this component corresponding to smaller values of λc were mostly positive; moreover, their magnitudes were almost constant (1 × 10 −3 m s −1 at λH > 15 km), regardless of the mass continuity adjustment selected.
These MUSCAT-related MEs were approximately double the CM.
Results of experiment B a. Experiment B1
Figures 6 and 7 compare the vertical profiles of the RMSEs and MEs of the wind components recovered from MUSCAT using λc = 4Δx with those obtained using CM, respectively. These figures also illustrate how the data fit formulation and mass continuity adjustments for MUSCAT affected the resulting RMSEs and MEs. Data at the 10-km height is not presented because the number of recovered winds was reduced significantly at this level. The results demonstrate that MUSCAT provided a less biased and more accurate determination of the three wind components than CM, regardless of the data fit formulations and mass continuity adjustments. Four characteristics were found to be common to all three wind components. (i) Overall MUSCAT-related RMSEs were much smaller than those of CM. (ii) RMSEs and MEs from MUSCAT-C and MUSCAT-F were comparable for both the data fit formulations, although MUSCAT-C resulted in slightly smaller RMSEs at most heights. (iii) For each mass continuity adjustment, the resulting RMSEs were similar for both data fit formulations; however, the modified data fit resulted in smaller values of the horizontal wind components at heights < 1 km, and the values associated with the original data fit were slightly smaller at higher heights. (iv) MUSCAT-associated MEs were very small in magnitude; moreover, their profiles were very similar, regardless of the data fit formulations and mass continuity adjustments employed.
MUSCAT clearly reduced the RMSEs of the wcomponent (with respect to those of CM) at all heights (Fig. 6) . In particular, MUSCAT-related RMSEs were smaller than CM-related RMSEs by about one order of magnitude at middle heights, where vertical wind speeds were at their maximum. Indeed, MUSCATrelated RMSEs were approximately 0.2̶0.3 m s −1 at these heights, where the CM-related RMSEs were about 3 m s ) below (above) heights of approximately 5-km, whereas the CM-related MEs exhibited large negative bias at most heights (reaching about −0.4 m s −1 at a height of 6 km). Accurate determination of the vertical components by MUSCAT can be achieved by the integration of mass continuity using the accurately determined horizontal wind components. The RMSE profiles of the w-component show that MUSCAT-associated values tended to slightly increase with height. Moreover, the RMSEs associated with the original data fit were slightly smaller than those based on the modified data fit above about the 4-km height; below this height, the difference resulting from the use of different data fit formulations was negligible. The magnitudes of the MUSCAT-related MEs of this component derived using modified data fit were slightly larger than those derived using the original data fit above the 7-km height for both MUSCAT-C and MUSCAT-F. For the u-component, the MUSCAT-related RMSEs were much smaller (i.e., up to 0.5 m s −1 smaller) than the CM-related RMSEs at all heights, particularly at above the 5-km height. The MUSCAT-associated MEs of this component were very small, typically less than~1 × 10 −1 m s −1 at most heights. Conversely, those of CM were within ±1.5 × 10 −1 m s −1 with large negative values at heights 2̶7 km and large positive values at heights ≥ 8 km. The use of the modified data fit ameliorated the MEs associated with the original data fit below the~2-km height and above the~5-km height. Moreover, the RMSEs and MEs at the 0.5-km height were improved by the use of the modified data fit. The MUSCATrelated RMSEs of the v-component were also smaller than the CM-related RMSEs, except at heights of 3.5̶ 4.5 km, where both syntheses yielded similar RMSEs. The RMSEs corresponding to the modified data fit were larger than those corresponding to the original data fit at heights ≥ 4 km. The magnitudes of the RMSEs of this component were similar to those of the u-component at most heights, regardless of the wind recovery method. In addition, the five ME curves were similar, suggesting very small magnitudes of MEs (mostly less than 1 × 10 −2 m s
) comparable to those of CM. Figure 8 displays the vertical profiles of the RMSEs of the wind components from MUSCAT (employing three different values of λc) and CM. The modified data fit of Eq. (5) was employed because it was found to improve the accuracy of the horizontal wind components at low heights as demonstrated in Experiment A, Figs. 6 and 7, without significant degradation of the accuracy of the three wind components at higher heights compared to the accuracy associated with the original data fit. In general, the MUSCAT-related RMSEs were much smaller than those from CM at all heights, even for smaller values of λc; this relationship held true regardless of the type of mass continuity adjustments employed, although the RMSEs of the v-component at heights of 3̶4 km were similar to those of CM. As λc decreased, the RMSEs of the three components increased at each height with respect to those corresponding to λc = 4Δx, and more pronounced increase in RMSEs were found above the 5-km height. Moreover, the RMSEs of the three components from MUSCAT-C and MUSCAT-F were very similar for all heights and all values of λc, although MUSCAT-C produced slightly smaller RMSEs than MUSCAT-F at each height for both λc = 3Δx and 2Δx.
The profiles of the MUSCAT-derived MEs were not affected significantly by λc for all three components (not shown), and the profiles corresponding to λc = 3Δx and 2Δx were very similar to the respective MUSCAT-associated profiles in Fig. 7 .
b. Experiment B2
As in Experiment B1, wind retrieval was made by applying MUSCAT employing λc = 4Δx to interpolated data from the original and modified data fits for a shallow case. Figures 9 and 10 show RMSEs and MEs from MUSCAT and CM, respectively. Values at the 5-km height were not shown because of a large decrease in the number of recovered wind data. In general, these figures demonstrate that the least biased and accurate determination of the three wind components by MUSCAT was also possible for this shallow case for both data fit formulations. The RMSEs of the MUSCAT-derived wind components were typically much smaller than those from CM at most heights, regardless of the mass continuity adjustments and data fit formulations. Moreover, the differences in RMSEs and MEs between the modified and original data fits were very small. The RMSEs of MUSCAT-C and MUSCAT-F were similar at all heights for the same data fit formulation, although those associated with MUSCAT-C were slightly smaller at most heights. As in the previous deep case, a large decrease in the RMSEs of MUSCAT was evident for the wcomponent. In particular, these MUSCAT-related RMSEs decreased to about 0.1̶0.2 m s −1 at middle heights, where the magnitudes of the vertical winds were at a maximum; however, the corresponding CMrelated RMSEs were about 1.6 m s (compared to those related to the original fit and CM) throughout the entire depth. In particular, RMSEs were significantly improved below the 1.5-km height with respect to those associated with the original data fit, and large reductions in MEs at most heights were also associated with the modified data fit.
The
MUSCAT-related RMSEs for the v-component
October 2013 Y. YAMADA 571 Fig. 9 . As in Fig. 6 , but for a shallow case. Fig. 10 . As in Fig. 7 , but for a shallow case.
were about 0.2 m s −1 lower than those of CM at all heights, regardless of the data fit formulations and mass continuity adjustments. A relatively large reduction in RMSEs was achieved below the 1-km height using the modified data fit, similar to that found for the u-component. However, this resulted in slight increase in RMSEs at the heights ≥ 1.5 km compared to those associated with the original data fit. The MEs of this component were very small in magnitude, typically less than 1.5 × 10 −2 m s −1
, and their profiles were very similar for all wind recovery methods considered. Figure 11 illustrates the RMSE profiles from MUSCAT and CM for three values of λc. The modified data fit was adopted owing to its good performance, as depicted in Figs. 9 and 10. RMSEs at the 5-km height were not computed because of a large decrease in the number of recovered wind data. Overall, it is clear that the MUSCAT-related RMSEs for all wind components were considerably smaller than those of CM for all values of λc considered, implying that the wind components determined by MUSCAT are more accurate than those determined by CM for this shallow case. Furthermore, the RMSEs of MUSCAT-C and MUSCAT-F were very close for the same value of λc; however, MUSCAT-C resulted in slightly smaller values than MUSCAT-F at most heights. It is obvious, as in the deep case, that the RMSEs of the MUSCATderived w-component at middle heights were significantly lower than the CM-related RMSEs (about onefifth to one-eighth of the CM-related values), likely for the reasons given for the Experiment B1. These RMSEs did not vary considerably with height for λc = 4Δx, but those associated with smaller λc values tended to increase with height. The use of smaller λc value resulted in an slight increase in RMSEs at all heights. For the horizontal wind components, the MUSCATrelated RMSEs were smaller than CM-related RMSEs by about 0.1̶0.2 m s −1 at most heights, with the difference depending on λc and the type of mass continuity adjustments. For each height, the RMSEs increased with decreasing λc, except that the RMSEs associated with λc = 4Δx were larger than those associated with λc = 3Δx for the u-component at the 0.5-km height and above the 3-km height. However, these differences were very small: only 1.9 × 10 for MUSCAT-C (MUSCAT-F) above the 3-km height. This suggests that the use of λc = 4Δx is not always preferred.
For both MUSCAT-C and MUSCAT-F, the ME profiles of all three components were similar to those in Fig. 10 , even when λc < 4Δx was used (not shown).
Example of a MUSCAT wind recovery in a shallow convective snow band
An example of the application of MUSCAT to Vol. 91, No. 5 Jounal of the Meteorological Society of Japan 572 observed data collected for a shallow convective snow band over the Sea of Japan can provide useful information for practical wind recovery. In particular, it will demonstrate the effects of the weighting factor μ2 (or λc) and the type of mass continuity adjustments on the recovered wind fields. The analyzed snow band, which had an echo top height of~3 km above sea level, occurred behind a highly developed low over the Sea of Japan on January 29, 1993 during a field project planned to clarify the precipitation mechanisms of snow clouds and examine feasibility of snow cloud modification by seeding (e.g., Murakami et al. 1994) . Wind retrieval was made by dual-Doppler synthesis utilizing conical volume scans from two X-band Doppler radars from the Meteorological Research Institute ("MRI") and the National Research Institute for Earth Science and Disaster Prevention ("NIED"). These radars, which have a maximum detection range of 64 km, collected velocities and reflectivities at resolutions of 0.25 km and 1°in the radial and azimuthal directions, respectively. Two radars were installed about 37 km apart in a coastal region of the Tohoku district of Japan. The locations of these radars and the topography in and around the field experimental region were shown in Yamada et al. (2010) . The PPI image in Fig. 12 shows several snow bands and the coordinates of the wind synthesis. The band portion for the wind retrieval indicated by a dashed oval was located in a properly-defined region. The analyzed snow band was at least 30 km long and several kilometers wide. The horizontal resolution (Δx) of the common grids was 0.7 km, and the vertical resolution was 0.3 km, with the lowest analysis height set to 0.5 km above sea level. For the same dataset, the wind recovery was conducted using MUSCAT with the modified data fit and CM. No adjustments of vertical winds (e.g., Ray et al. 1980; Chong and Testud 1983) were made to MUSCAT-and CM-derived wind fields. The wind components were determined at grid points with reflectivities of ≥ 10 dBZ. The interpolation was processed, for both MUSCAT and CM, using a constant spherical influence volume of the 0.7-km radius. When MUSCAT-C and MUSCAT-F were employed, the wind fields were determined for three values of λc of 4Δx, 3Δx, and 2Δx. CM was the same as described in Yamada et al. (2010) ; this wind synthesis is similar to that of Ray et al. (1980) . The compensation of the system motion resulting from the noninstantaneous sampling of raw data and the non-zero horizontal advection velocity of the snow band was made, by plane-by-plane processing, to the interpolated data before the application of MUSCAT in a different manner from that of CM. The position of the interpolated data in each horizontal plane was first shifted according to the horizontal propagation velocity and the time difference relative to the standard time. Then, the advection-corrected datum was computed at each grid point in the horizontal plane considered by a distance-weighted averaging of the shifted data that fell inside the influence circle centered October 2013 Y. YAMADA 573 Vol. 91, No. 5 Jounal of the Meteorological Society of Japan 574 Fig. 13 . System-relative horizontal winds (arrows) and vertical winds (contours) at a height of 1.4 km above sea level at 1224 JST from MUSCAT-C with λc = 2Δx, 3Δx, and 4Δx (left panels; (a), (b), and (c), respectively), and from MUSCAT-F with λc = 2Δx, 3Δx, and 4Δx (right panels; (d), (e), and (f), respectively). The corresponding wind field at this height derived from CM is shown in (g). Vertical winds are contoured at intervals of 0.3 m s at each grid point using the Cressman weighting function. In contrast, the advection correction of CM was made as described by Aoyagi and Ishihara (1986) . Figure 13 displays vertical wind fields and the system-relative horizontal winds at the 1.4-km height, which approximately corresponds to the nondivergent level. The recovered horizontal wind fields were similar for all all wind synthesis, although relatively large differences were found in the vertical wind fields. This figure demonstrates that the MUSCAT-derived vertical wind fields became smoother with increasing λc; in particular, MUSCAT-C recovered a more smoothed vertical wind field than MUSCAT-F for the same value of λc. Figure 14 shows the airflow, vertical wind, and reflectivity structures in the band-transverse vertical cross-sections along the two points indicated in the panels in Fig. 13 . These cross-sections passed through the center of the updraft core in the active cell shown in Fig. 12 . The difference in reflectivity fields between each cross-section likely resulted from a slight difference in the location of the updraft core. The overall airflow structures depicted in the seven crosssections are all very similar, exhibiting roll-like circulation; therefore, it can be concluded that MUSCAT satisfactorily recovered the wind field in the active cell. Figure 14 also indicates that a smoother vertical wind field was retrieved with increasing λc, and that the vertical wind fields from MUSCAT-C were smoother than those from MUSCAT-F for the same λc. These characteristics were suggested by the maximum updrafts in the cell in these cross-sections. In fact, these maximum updrafts were 1.0, 1.2, and 1.4 (1.2, 1.4, 1.6) m s −1 for MUSCAT-C (MUSCAT-F) for λc = 4Δx, 3Δx, and 2Δx, respectively, and~1.2 m s −1 for CM. It should be noted that the suppression of updrafts due to mass loading in the center of the cell at a horizontal distance of about 7 km was reproduced well by MUSCAT-F, CM, and MUSCAT-C employing λc = 2Δx. Conversely, this loading effect was barely discernible in the fields derived from MUSCAT-C using λc = 3Δx and 4Δx. This suggests that the mass continuity adjustment and λc should be carefully considered and selected according to the phenomena. Figure 15 illustrates the horizontal system-relative wind fields for the corresponding cross-sections in Fig. 14 . These fields did not exhibit significant differences, unlike the vertical wind fields in Fig. 14 . Therefore, it seems that the difference in mass continuity adjustment and λc primarily affected the vertical wind fields in the MUSCAT wind retrieval.
Discussion
The results of Experiment A indicate that the modified data fit of Eq. (5) performed better than the original data fit described in BC98 in terms of the gain factor and the accuracy of the wind components, which was assessed using RMSE and ME. The gain factor associated with the modified data fit increased more sharply with increasing λH (corresponding to a shorter λ3dB) compared with the original data fit. This indicates an increase in the recoverability of wind fields at smaller horizontal scale. In addition, the RMSEs associated with the modified data fit were smaller than those based on the original data fit for larger values of λH. These smaller RMSEs can be directly linked to the increases in the accuracy of the horizontal wind components, although the MEs obtained for the modified data fit were found to be similar to those of the original data fit. Furthermore, the use of the modified data fit reduced the RMSEs and MEs of the horizontal wind components at low heights for both the deep and shallow cases in Experiment B; it also reduced the RMSEs and MEs of the u-component at most heights for the shallow case in Experiment B2. Otherwise, the modified data fit seemed to neither significantly degrade nor affect the accuracy of the wind components relative to the original data fit. Accordingly, the use of the modified data fit appears to be useful. The improvement in the accuracy of the lowlevel horizontal wind components may help resolve sharp boundaries across discontinuities such as the gust front.
Because the transfer functions of MUSCAT-C and MUSCAT-F are mathematically the same for the same value of λc, the gain factors for MUSCAT-C and MUSCAT-F should be the same at all λH. However, the results of Experiment A indicated that the gain factors from these two methods almost coincide only at longer λH, and that significant differences in the λ3dB-wavelengths and the gain factors at shorter λH between MUSCAT-C and MUSCAT-F. This implies that the transfer functions of these two methods become almost the same in a discrete space at sufficiently longer λH.
As far as the gain factors were large enough, Experiment A also demonstrated that the accuracy of the MUSCAT-derived horizontal wind components was higher than that of CM and that the accuracy of the wind components determined from MUSCAT-C and MUSCAT-F was comparable for the same λc value.
An additional experiment, referred to as Experiment A1, was conducted in order to examine whether the gain factor and error characteristics revealed in Experiment A depend on wind direction. The conditions of experiment were the same as those for Experiment A, except that the true wind fields represented by Eq. (6) had non-zero components only in the y-direction and all wind components in the xdirection were set to zero. The modified data fit was used. The gain factor and error (i.e., RMSE and ME) characteristics were very similar to those obtained in Experiment A in many aspects corresponding to the results obtained using the modified data fit (not shown). The λH-dependencies of the RMSEs and MEs of the u-and v-components from Experiment A1 were also very similar to those obtained in Experiment A (Figs. 3̶5) . The figures corresponding to the ucomponent (v-component) in Experiment A were very similar to those corresponding to the v-component (ucomponent) in Experiment A1. For each wind recovery method employed here, the differences in RMSEs of the u-component between Experiments A and A1 were insignificant; similarly, the RMSEs of the vcomponent were very close for both experiments ( Table 1) . This suggests that the accuracy of the wind components does not depend on the wind direction. component can be determined more accurately than the along-baseline component, regardless of the wind recovery method considered in this study. This is similar to the results obtained for CM by Yamada (1997) , although the differences between the RMSEs of the u-and v-components derived from MUSCAT were smaller than those for CM.
As demonstrated by Experiments B1 and B2, MUSCAT allows for much more accurate determination of the three-dimensional wind components in a three-dimensional space than can be provided using CM, regardless of the mass continuity adjustment employed or the weighting factor μ2 used. The remarkable improvements in the accuracy of the wind components (particularly the vertical winds) that were achieved using MUSCAT rather than CM were demonstrated by the considerable reduction in RMSEs and the significant decrease in the magnitudes of MEs; these decreases were particularly pronounced around the middle heights, where vertical wind speeds were at their maximum. This improvement was likely achieved by the improvements in the accuracy of the horizontal wind components and will be particularly valuable for studies involving the determination of wind fields, for example, convection studies.
The results of Experiment B2 suggest that MUSCAT-C with λc = 4Δx did not always provide the most accurate results, likely because it is possible that the weighting factor μ2 associated with λc = 4Δx exerts a considerable filtering effect that results in an excessively smoothed wind fields. The results of this experiment also imply that the horizontal grid spacing of 1 km for common grids would have been slightly coarser for the characteristic horizontal scale (i.e., λH = 30 km) of the wind field. In order to investigate this aspect, a supplementary numerical experiment was made; the experiment was the same as B2, except that the horizontal resolution of the common grids was set equal to 0.8 km for the domain shown in Fig. 1 . The results of this experiment indicate that the RMSEs were lowest for MUSCAT-C with λc = 4Δx at all heights for all components. Moreover, the RMSEs primarily decreased with the increasing λc for all wind components, even though the RMSEs of all three wind components were very similar to those in B2 (not shown). The results of this supplementary experiment and B2 suggest that the performance of MUSCAT depends on the choice of λc, which should be selected according to the size of the grid spacing relative to the horizontal scale of the phenomena to be analyzed.
Similar logic can be applied to wind retrieval from the observed data. The horizontal grid spacing of common grids may be sometimes large to make the filtering effect more intense when λc = 4Δx is specified, particularly for phenomena at small horizontal scales. However, difficulties arise when determining in advance whether the weighting factor μ2 corresponding to a specified λc is appropriate, because the finer limit of the horizontal grid resolution of common grids is dependent on the spatial resolution of the observations. Moreover, the horizontal scale of the phenomena of interest is rarely clear beforehand. For such phenomena, it may then be preferable to recover the wind fields by varying λc and the type of mass continuity adjustments, as in Fig. 13 . The example of wind determination using observed data demonstrated that MUSCAT can successfully resolve the fine structure of airflow in a shallow convective snow band at smaller spatial scales. The results of this example also showed that the mass continuity adjustment and λc values employed have a relatively large effect on vertical winds. Moreover, these results suggest that when analyzing the wind fields associated with phenomena at smaller spatial scales, MUSCAT-F and/or MUSCAT-C using λc < 4Δx may be the most appropriate wind recovery method owing to their shorter λ3dB. However, as shown in Experiments A and B, the use of a smaller value of λc and/or the adoption of mass flux conservation adjustment will not result in significant degradation of the accuracy of the wind components, particularly for shallow cases.
Conclusions
The characteristics of wind fields derived from the multiple-Doppler synthesis and continuity adjustment technique (MUSCAT) developed by Bousquet and Chong (1998) and MUSCAT substituting mass flux conservation for continuity equation (Chong and Cosma 2001) were examined mainly based on numerically simulated Doppler velocity data assuming ground-based dual-Doppler wind synthesis from conical volume scans over a flat plane. Two experiments (A and B) were conducted; both were based on the time-independent fields at rest relative to the ground. Experiment A was designed to investigate the dependency of the gain factor and the accuracy of the horizontal wind components near the surface on the horizontal wavelengths employing hypothetical purely divergent two-dimensional wind fields without height variation. Experiment B examined the accuracy of the wind components in a three-dimensional volume using height-dependent two-dimensional wind fields. The accuracies of the wind components were evaluated in a statistical manner in terms of root mean squared errors (RMSEs) and mean errors (MEs). In both experiments, wind recovery with MUSCAT was made using three values of the 3-dB cutoff wavelength λc, which affects the weighting factor μ2 applied to the filter term; the selected values were 2Δx, 3Δx, and 4Δx, where Δx is the horizontal resolution of the common grids. The smallest value (2Δx) was selected because the length of the horizontal semi-axis of the spheroidal influence volume used for the interpolation process was set equal to Δx.
The modified formulation of data fit was tested in Experiment A. The results indicate that the modified data fit performs better than the original data fit (as described in BC98), in terms of the gain factor and the accuracy of the wind components. MUSCAT resulted in more accurate and less biased wind components than the convectional method (CM) proposed by Ray et al. (1980) , irrespective of the weighting factor used, for a bandpass, wherein the gain factors were close to unity. For such a bandpass, the accuracies of the horizontal wind components derived from MUSCAT-C and MUSCAT-F were comparable for the same λc. The 3-dB cutoff wavelength (λ3dB) of MUSCAT was longer than that of CM, and λ3dB of MUSCAT-C was longer than that of MUSCAT-F for the same λc. The specification of a smaller value of λc induced a decrease in λ3dB for both MUSCAT-C and MUSCAT-F, but this resulted in slight degradation of the accuracy of the wind components for both methods at longer λH.
Experiment B demonstrated that the overall accuracy of the wind components derived from MUSCAT in a three-dimensional space was superior to that of the wind components derived from CM for both deep and shallow cases; this result was maintained regardless of the data fit formulation and λc value adopted. In particular, a remarkable increase in the accuracy of the vertical wind components was confirmed for MUSCAT wind recovery. The accuracies of the wind components recovered from MUSCAT-C and MUSCAT-F were comparable at most heights for the same value of λc. For Experiment B, the modified data fit improved the accuracy of the horizontal wind components at low heights for both the deep and shallow cases. The modified data fit also improved the accuracy of the cross-baseline component at most heights for the shallow case, but offered no significant improvement in accuracy over the original data fit for the u-, v-, and w-components. Therefore, considering the results of Experiment A, it appears that the modified data fit performs better than the original data fit.
The application of MUSCAT was tested in a ground-based dual-Doppler wind synthesis using the observed data collected for a shallow convective snow band over the Sea of Japan. The results demonstrated that the type of mass continuity adjustments and the value of λc are should be appropriately specified to improve the wind recovery of phenomena, especially, at small spatial scales. Furthermore, it was found that differences in λc and mass continuity adjustments had relatively large effect on the retrieved vertical wind fields.
Finally, it should be stressed that accurate determination of wind fields can be achieved using MUSCAT only if the Doppler velocity data are first subjected to appropriate quality control measures.
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Appendix: Intercomparison of three schemes for the evaluation of horizontal divergence affecting the accuracy of the vertical wind component
Because the vertical component w at each altitude is recomputed by using the horizontal wind components determined from Eq. (3) as described in Bousquet et al. (2008) , the accuracy of w may depend on the scheme used to evaluate horizontal divergence. Three schemes are tested in this study: the parabolic, the spline , and a mean of the surrounding 4-point values (hereafter, 4P). The 4P scheme evaluates the horizontal divergence at a grid point (i, j) via an arithmetic mean of the values evaluated by offcentered differentiation at the surrounding four points of (i ± 1/2, j ± 1/2). Here, i and j stand for the indices of the grid number in the x-and y-directions, respectively, in the considered plane. Figure A1 compares the profiles of the RMSEs of the vertical wind components from the three schemes for MUSCAT-C and MUSCAT-F with λc = 4Δx, Vol. 91, No. 5 Jounal of the Meteorological Society of Japan 580 employing the same wind field used in Experiment B1. The modified data fit was used. These RMSEs at each height were calculated from w at the grid points, at which the w-components were recovered for all three schemes. The RMSEs at heights > 9 km are not shown because of a large decrease in the number of recovered wind data. The figure shows that 4P performed best for both MUSCAT-C and MUSCAT-F because the RMSEs based on this scheme were the smallest at most heights. Differences in RMSEs among the three profiles for MUSCAT-C and MUSCAT-F tended to increase with higher heights, although all three schemes resulted in similar RMSEs below the 1-km height. In addition, 4P brought about the smallest magnitudes of MEs at heights ≤~6 km, above which the magnitudes of MEs were comparable for all schemes (not shown). The MEs were very small in magnitudes for all schemes considered, mostly less than 4 × 10 −2 m s −1
. It was also found that the schemes used to evaluate horizontal divergence did not significantly affect the RMSEs of the horizontal wind components (not shown). Differences in the RMSEs of the horizontal components between 4P and the other schemes were 1 − 2 × 10 −2 m s −1 on average and 6.7 × 10 −2 m s −1 at most. When λc = 2Δx and 3Δx were employed for MUSCAT-C and MUSCAT-F, use of the 4P scheme resulted in good accuracy, similar to that for λc = 4Δx (not shown). Owing to its good performance, the 4P scheme was adopted for the recalculation of w.
